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The costimulatory molecule B7-1 (CD80) and B7-2 (CD86) are essential components in 
humoral and cellular immune responses to foreign antigens\ In the presence of antigen 
signal, engagement of their receptor CD28 enhances antigen-specific T cell growth, 
stimulates lymphokine production, and prevents activation-induced death of T-cells^"^. 
Signaling of B7s through homologous receptor CTLA-4, however, deliver a negative signal 
to inhibit T cell activation^'^. Here, we describe a third member of B7 family designated 
B7H. The cDNA of B7H encodes a transmembrane protein with similar tertiary structure 
to both B7-1 and B7-2. High abundance of the B7H mRNA is found in human placenta, 
heart, lung and skeletal muscle, and the counter-receptor of B7H expresses on activated 
CD4^ and CDS^ T-cells. B7H ligation costimulates T cell responses to polyclonal stimuli 
and allogeneic antigens. Unlike B7-1 and B7-2, B7H costimulation preferentially induces 
interleukin-10, but not interleukin-2 and interIeukin-4 in T-cell cultures. Activated T-cells 
have increased apoptosis accompanied by up-regulated expression of Fas and Fas ligand 
after exposure to B7H. Our studies thus define a new costimulatory molecule that may be 
involved in the negative regulation of cell-mediated immune responses. 

By homology search of the human cDNA expressed sequence tags (EST) database (NCBI, 
Rockville, MD), one EST sequence encoding a homologue to human B7-1 and B7-2 molecules 
was identified. The 5'- and 3 '-end sequences were obtained by several independent reverse 
transcriptase-coupled polymerase chain reactions (RT-PCR) from a human placenta cDNA 
library utilizing vector sequence as primers. The full length of the gene was cloned, sequenced 
and named B7H (B7 homologue). The extracellular domain of B7H shares higher homology with 
B7-1 (20% amino acid identity) compared to B7-2 (15%) based on analysis with a McVector 6.5 
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software (Fig. IB). No identical sequence was found at the Genbank database. The open reading 
frame of the B7H gene encodes a putative type I transmembrane protein of 290 amino acids 
consisting of a single immunoglobulin (Ig) V-like domain, a Ig C-like domain, a hydrophobic 
transmembrane domain and a cytoplasmic tail of 30 amino acids (Fig. lA). Four structural 
cysteines (as labeled by a star in Fig. IB), which are apparently involved in forming the disulfide 
bonds of the Ig V and Ig C domain^"^^, are well conserved in all B7 members (Fig. IB). The 
tyrosine residue in B7-1 (at position 87) and in B7-2 (at position 82) of the Ig V-like domain is 
also conserved in B7H (at position 81) (Fig. IB). It has been reported that the motif 
SQDxxxELY in the Ig C-like domain (position 190-198 in B7-1 and 189-197 in B7-2, Fig. IB) is 
required for the binding of B7-1 and B7-2 to their counter receptors CD28 and CTLA-4^'^^. 
However, this motif is not found in B7H (Fig. IB). In addition, the B7HIg fusion protein, did not 
bind to resting T cells and Jurkat cells (Fig. 2A) despite their constitutive expression of CD28 
(ref 1 1 and Dong et al, unpublished observation). Further, CTLA4Ig bind 293 cells transfected 
with B7-1, but not with B7H cDNA plasmid (Dong et al, unpublished observation). Taken 
together our results indicate that B7H is not a ligand for CD28 and CTLA-4. 

Northern blot analysis revealed that the expression of the B7H mRNA is abundant in 
heart, skeletal muscle, placenta and lung while the expression was weak in thymus, spleen, 
kidney and liver. There was no detectable B7H mRNA in brain, colon, small intestine and 
peripheral blood mononuclear cells (PBMC) (Fig. IC). In most of the tissues positive for the 
B7H mRNA, two transcripts of approximately 4.1 and 7.2 kb were found (Fig.lC). By RT-PCR 
analysis, the transcript of the B7H was also detected in human dendritic cells, activated T cells 
and B cells (data not shown). 




We prepared a construct containing the extracellular domain of B7H fused in frame with 
the Fc portion of the mouse IgG2a. The resulting fusion protein, B7HIg, was purified from the 
supematants of CHO cells transfected with the construct. B7HIg was used in indirect 
immunofluorescence and FACS analysis to examine the expression pattern of the B7H counter- 
receptor (B7H-CR). Although B7H-CR is not detectable on freshly isolated PBMC of healthy 
donors, the expression of the B7H-CR can be upregulated on the majority of CDS"^ T cells afler 
incubation with anti-CD3 (Fig. 2A) or PHA (data not shown). Both CD4^ and CD8^ T cells 
express the B7H-CR (Fig. 2B). Similarly, anti-CD3 stimulation of the human Jurkat T cell line 
induced the expression of the B7H-CR while there was no detectable B7H-CR on untreated 
Jurkat cells (Fig. 2 A). Our results demonstrate a restricted distribution of B7H-CR on activated T 
cells. 

Despite having only --25% amino acid sequence homology, B7-1 and B7-2 have similar 
equilibriimi receptor binding properties and also share T cell costimulation function. To assess 
whether a similar activity could be ascribed to B7H, we purified T cells from human PBMC of 
healthy donors and stimulated them with B7HIg in the presence of the anti-CD3 monoclonal 
antibody (mAb). T cell proliferation from 3-day culture was determined by incorporation of ^H- 
TdR. B7HIg, when immobilized on culture plates, enhanced T cell proliferation up to 10-fold 
compared with the control Ig in the presence of suboptimal doses (5-10 ng/ml) CD3 mAb (Fig. 
3A). In the absence of anti-CD3, B7HIg at the concentration up to 5 |ig/ml had no effect on T 
cell proliferation (Fig. 3 A). If the B7HIg was included in the cultures without immobilization, 
costimulatory effect was greatly decreased (data not shown). Consistent with this observation, 
inclusion of the B7HIg at levels 0.6-5 ^ig/ml in allogeneic MLR moderately (-'2-fold) increased 
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the proliferation of T cells (Fig. 3B). We conclude that B7H can promote and costimulate 
proliferative responses of T cells to polyclonal T cell stimuli and to allogeneic antigens. 

It has been reported that CD28 costimulation increases production of IL-2, IL-4, IFN-y, 
IL-5, IL-13, TNF-a and GM-CSF due to increased gene transcription and mRNA stablization^^'^^ 
whereas engagement of CTLA-4 by antibodies inhibit T cell proliferation, IL-2 accumulation 
and cell cycle progression^'^. We measured levels of IL-2, IL-4, IFN-g and IL-10 in the culture 
supematants of purified T cells by sandwich ELISA after stimulation with B7HIg in the presence 
of anti-CD3. As shown in Fig. 4, cross-linking of T cells by the B7HIg in the presence of optimal 
dose of anti-CD3 at 1 |ag/ml drastically increased the production of IL-10 at 48 hrs and 72 hrs (up 
to 9 ng/ml) in the culture supematants. There was no detectable IL-10 when T cells were treated 
by control Ig plus anti-CD3. The pattern of IL-10 production was consistent in 4 independent 
experiments using T cells fi'om 4 individuals. The levels of IFN-y also increased after 48 and 72 
hrs. This increase, however, was largely due to stimulation of anti-CD3 (Fig. 4). Inclusion of 
B7H in the cultures can increase IFN-y production only in some experiments at 48 hr (Fig. 4) or 
72 hrs (data not shown), and the level of increase was only two-fold (Fig. 4) or less in four 
independent experiments. The levels of IL-2 and IL-4 were nearly undetectable (<0.15 ng/ml) or 
remained unchanged during the culture. Therefore, there is no consistent Thl or Th2 cytokine 
pattern upon costimulation by B7H. Our data indicate that B7H costimulation selectively induces 
the production of IL-10. 

Expression of the B7H-CR can be induced by anti-CD3 and PHA in both CD4+ and 
CD8+ T cells (Fig. 2), but its molecular identity remains to be elucidated. B7H-CR appears to 
share several features with ICOS, a recently described CD28-like molecule*"^, A mAb to ICOS 
can costimulate the growth of human T cells and induce IL-10 without secretion of IL-2 fi-om 
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human T cells*"*. In addition, ICOS is detected on activated, but not resting T cells. However, 
several key functional differences between these two molecules are noted. For example, 
stimulation of ICOS by the mAb up-regulated many other cytokines such as IL-4, which is 
absent by B7H costimulation in our study (Fig. 4). Furthermore, B7H costimulation did not up- 
regulate expression of CD40 ligand on T cells (data not shown) whereas ICOS ligation does*"*. In 
our preliminary experiments, ICOS-Ig fusion protein did not block the binding of B7HIg to the 
B7H-CR on activated T cells, and there was no binding of B7HIg to ICOS-transfected 293 cells 
and vice versa (Dong et al, unpublished results). Our results thus suggest that B7H is not a Ugand 
for ICOS. 

Increased production of IL-10 is associated with inhibited cellular immune response, 
elevated Ig production and anergy of antigen-specific T cells*^'*^. We showed that B7H-CR 
could be inducibly expressed de novo on T cells (Fig. 2 A), the effect of B7H ligation on 
activated T cells, however, is unknown. We first examined the viability of T cells activated by 
high dose of anti-CD3 in the presence of immobilized B7HIg. A consistent decrease of live T 
cells was observed in the culture treated by B7HIg compared to that treated by control Ig as 
determined by typan blue in 5 experiments using T cells from different individuals. At the end of 
the cultures, the T cells were stained with annexin V and propidium iodide (PI) to distinguish 
early phase and late phase of apoptosis of T cells, respectively. The apoptotic cells in early phase 
shown as annexin V-positive, Pl-negative cells were significantly increased to 24.8 % (SD = 8.7) 
by B7H costimulation compared to 14.2 % (SD = 5.7) by the control Ig in 5 experiments (P < 
0.001). One representative experiment is shown in Fig, 5 A (upper panel). Similar results were 
also obtained after treatment of Jurkat cells by B7H engagement (control Ig: 38.3% vs. B7HIg: 
54.6%) (Fig. 5 A, lower panel). The increased apoptosis was associated with upregulation of Fas 



and FasL expression on B7H costimulated T cells (Fig.SB). Our results indicate that B7H 
costimulation increases activation-induced apoptosis of T cells in the moderate level, and the 
increased apoptosis is associated with the upregulation of Fas and FasL. 

Fas and FasL interaction plays a critical role in activation-induced death of various types 
of cells, including T cells'^. Our finding that both Fas and FasL are up-regulated on B7H- 
costimulated T cells (Fig. 5B) suggests that enhanced Fas-FasL interaction may be responsible 
for increased death of the T cells. It has been shown recently that lymphocytes from patients with 
systemic lupus erythematosus (SLE) undergo spontaneous cell death, which is associated with 
elevated IL-10 and upregulated FasL expression'^. Blockade of FasL or IL-10 by specific mAb 
partially increased cell survival^^. Therefore, in addition to Fas-FasL interaction, IL-10 may also 
play a role in cell death observed in B7H-costimulated T cells. High abundance of B7H 
expression is found in normal organs such as lung, placenta and muscles (Fig. IC). Taken 
together with the observations that elevated IL-10 production and increased apoptosis of T cells 
upon B7H engagement, our results suggest that B7H may be involved in organ-specific negative 
regulation of cellular immune responses. 

Methods 

Cloning of human B7H cDNA and construction of B7HIg fusion protein. The 5* and 3' ends 
of B7H cDNA were amplified by PGR fi'om a human placenta cDNA library synthesized by 
SMART PGR cDNA synthesis kit (Clontech, Palo Alto, GA). The cDNA sequence of B7H was 
verified by DNA sequencing. The primer pairs used for the PGR were derived fi'om the placenta 
library plasmid and fi'om the expressed sequence tag (EST) clone AA292201. The full length of 
the B7H cDNA was amplified by PGR from the same cDNA library by specific primers and 
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cloned into the pcDNAS vector (Invitrogen, Carlsbad, CA) as described ' . The B7HIg soluble 
protein was prepared by fusing the extracellular domain of human B7H to the CH2-CH3 domain 
of mouse IgG2a in the expression plasmid pmlgV (G. Zhu, unpublished data), and transfected 
into CHO cells. The protein in the culture supematants was purified by a Protein G -Sepharose 
column (Pharmacia) and dialyzed in LPS-free PBS. Polymyxin B was also incorporated in the 
assays of cell proliferation and cytokine secretion to completely neutralize potential endotoxin 
contamination. 

T cell proliferation, cytokine assays and mixed lymphocyte reaction (MLR). PBMCs of 
healthy donors were isolated by Ficoll-Hypaque gradient centrifugation and passed through a 
nylon wool column to obtain purified T cells (---85% purity). For costimulation assays, purified T 
cells at 1 X 10^/well in triplicate were cultured in 96-well flat-bottomed plates that were pre- 
coated overnight with anti-CD3 (HIT3a, PharMingen, Palo Alto, CA) in the presence of B7HIg 
or control Ig. To detect cytokines, supematants were collected at 24, 48 and 72 hrs of the cultures 
and the concentrations of IL-2, IL-4, IFN-y and IL-10 were determined by sandwich ELISA 
methods (PharMingen) according to manufacturer's instructions. T cell proliferation was 
determined by the addition of 1.0 laCi ^H-TdR at day 2 for at least 18 hrs^^ The incorporation of 
^H-TdR was counted by a MicroBeta TriLux liquid scintillation counter (Wallac, Finland). For 
MLR assays, purified T cells at 2 x lOVwell in triplicate were co-cultured with allogeneic PBMC 
(4000 rad-irradiated) at 2 xlO^/well in the presence of soluble B7HIg or control Ig. Four days 
later, the T cell proliferation was determined by ^H-TdR incorporation. 
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Nucleic acid analysis. Northern blot analysis was carried out using human multiple tissue 
Northern blots (Clontech, Palo Alto, CA). The membrane was incubated in ExpressHyb 
hybridization solution (Clontech) for 30 min at 68°C. The random-primed cDNA probe was 
synthesized using the entire human B7H cDNA (870 bp), and was labeled using ^^P-dCTP. The 
hybridization was carried out for 1 hr at 68°C, washed 3 times in 2 x SSC containing 0.05% 
SDS, and exposed at -70°C to x-ray films. 

Flow cytometry analysis. For direct immunofluorescence staining^ ^, resting or activated PBMC 
or purified T cells were incubated at 4°C with 1 |ig of indicated mAb for 30 min. The cells were 
then washed and analyzed by FACScan flow cytometry (Becton Dickinson, Mountain View, 
CA) with Cell Quest software (Becton Dickinson). These mAb included anti-CD3 (UCHT-1, F- 
0522) fi-om Sigma, anti-CD4 (RPA-T4), anti-CD8 (RPA-T8), anti-Fas (DX2) or anti-Fas ligand 
(NOK-1) fi"om PharMingen. For indirect immunofluorescence staining^ ^, cells were first 
incubated with 5 |ig B7HIg at 4*^C. After 30 min, the cells were washed and fiirther incubated 
with FITC- (Biosource, Camarillo, CA) or PE-conjugated goat anti-mouse IgG F(ab')2 (Southern 
Biotechnology Associates, Inc., Birmingham, AL) for 30 min at 4*^C. The mouse IgG2a protein 
(Sigma) or m4-lBBIg (mIgG2a) was used as control Ig. Li some experiments, Fc receptors were 
blocked by human or mouse Ig before incubation with FITC- or PE-conjugated mAbs. 

Induction and detection of apoptosis. Human T cells or Jurkat cells at 1 x 10^/ml were cultured 
with B7HIg or control Ig at 10 ng/ml in the presence of immobilized anti-CD3 (1 |ig/ml for 
purified T cells and 100 |ag/ml for Jurkat cells). Three days later, aliquots (1x10^) of the cells 
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were stained by FITC-conjugated annexin V (PharMingen) at 5 ^il/test and propidium iodide (PI) 
(Sigma) at 5 ^g/ml for 1 hr. The samples were analyzed by flow cytometry. 
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Figure Legends 

Figure 1. (A) Predicted amino acid sequence of human B7H. The predicated signal peptide, Ig 
V-Uke domain (dash Hne), Ig C-like domain, transmembrane region(TM, underHne) and the 
potential N-linked glycosylation site(*) are indicated. (B) Comparison of the extracellular protein 
sequence of B7H and other members of the B7 family. Alignment of B7H, B7-1 and B7-2 was 
obtained using the ClustalW algorithm with BLOSUM 30 matrix (MacVector, Oxford Molecular 
Group), Identical amino acid residues are shaded in bold and conserved residues are boxed. 
Cysteine residues that may be important in the forming of disulfide bond inside Ig V or Ig C 
domains are indicated by stars. (C) Expression of B7H mRNA. Human 12-lane multiple tissue 
Northem blot was hybridized with full-length B7H cDNA probe. Each lane contains 
approximately 1 \xg of poly A"^ RNA. 

Figure 2. Binding of B7HIg to activated T cells. Human PBMC or Jurkat cells were untreated 
or were activated by the plate-bound anti-CD3 mAb at 1 ^ig/ml for 48 hours. (A) The cells 
stained with B7HIg were analyzed by flow cytometry using PE-conjugated goat anti-mouse IgG 
mAb (Fab')2 (black shade). The background signal obtained with the control IgG was shown in 
bold open line. CD3"^ cells were gated from activated PBMC according to the staining of FITC- 
conjugated anti-CD3 mAb. (B) Binding of B7HIg to CD4^ and CDS"" T cells. Activated PBMC, 
generated by plate-bound anti-CD3 as described in (A) were double stained with FITC- 
conjugated anti-CD4 or CDS mAbs, and B7HIg or control Ig followed with PE-conjugated anti- 
mouse Ig mAb. The nimabers indicated the percentages of B7HIg or control Ig binding cells in 
CD4"^ or CDS"^ cells. Results of a representative experiment out of three are shown. 
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Figure 3. Costimulation of T cell growth by B7HIg. (A) Co-stimulation of T cell proliferation. 
Nylon wool-purified T cells at 1 x lOVwell were cultured in the presence of plate-bound anti- 
CD3 at the indicated concentrations and 5 )ig/ml of plate-bound B7HIg or control Ig for 3 days. 
(B) Effect of B7HIg in MLR. Purified T cells at 2 x lOVwell were cultured with irradiated 
allogeneic PBMC at 2 x lOVwell in the presence of soluble B7HIg or control Ig at the indicated 
concentrations for four days (see methods). Proliferation of T cells was determined by 
incorporation of ^H-TdR during the last 18 hrs of the cultures. Results of a representative 
experiment out of three are shown. 

Figure 4. Cytokine secretion of primary T cells by B7H costimulation. Nylon wool-purified T 
cells at 1 X lOVwell were stimulated by plate-bound CDS at 1 |Lig/ml in the presence of 10 |ag/ml 
of either B7HIg or control Ig. Supematants were collected at 24, 48 and 72 hr. Indicated 
cytokines were detected by sandwich enzyme-linked immunosorbant assays (ELISA). Results of 
a representative experiment out of four are shown. 

Figure 5. Activation-induced cell death, Fas and Fas Hgand expression in B7H-costimulated T 
cells. Nylon wool-purified T cells or Jurkat cells at 1 x lOVwell were cultured for 72 hours in 
the presence of plate-bound anti-CD3 (1 |ig/ml for purified T cells, and 100 |ig/ml for Jurkat 
cells) and 10 |ig/ml of B7HIg or control Ig. (A) Early apoptotic cells are defined by the annexin 
and propidium iodide (PI)" (see Materials and Methods). (B) Expression of Fas and FasL in 
B7H-costimulated T cells. Nylon wool-purified T cells were treated as shown in (A), and were 
subsequently stained with FITC-conjugated anti-Fas mAb or purified anti-FasL mAb followed 
by FITC-conjugated goat anti-mouse IgG (Fab')2. Numbers on the bar indicated the % of 
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positive cells compared with non-specific staining control Results of a representative experiment 
out of four are shown. 
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